Background-While considerable evidence implicates DA D1-receptor signaling in the nucleus accumbens in motivation for cocaine during early stages of addiction, less is known regarding its role following the development of addiction. Here, we examined its role in the development of an addicted phenotype in intact male and female rats, and in female rats that were either resistant or vulnerable to developing this phenotype.
INTRODUCTION
Cocaine addiction begins with casual use but progresses to compulsive use coupled with a heightened motivation to obtain the drug. Considerable evidence from studies in male animals modeling early stages of addiction, such as drug use initiation and maintenance intake under short access (ShA) conditions (1-2 hr/day), implicates dopamine (DA) signaling in the nucleus accumbens (NAc; a critical region of the reward pathway) as a primary mechanism motivating cocaine use (1) (2) (3) (4) (5) . Cocaine increases DA in the NAc (6) (7) (8) , and inhibiting this signaling pathway, particularly via DA D1-receptors, disrupts cocaine self-administration and the development of a cocaine-conditioned place preference (9) (10) (11) (12) (13) (14) (15) . ShA cocaine self-administration also enhances markers of D1-receptor signaling (16) (17) (18) , and some of these markers have been associated with an enhanced vulnerability to initiation of cocaine self-administration (19) (20) (21) (22) (23) .
However, it is important to note that the evidence for the role of D1-receptors has been predominantly collected following ShA conditions. As such these neurobiological data, although characteristic of early vulnerability, do not necessarily characterize the neurobiology of cocaine addiction. An accumulating body of research indicates that the neurobiological mechanisms that underlie early "non-addicted" stages versus later "addicted" stages are different (1) (2) . Although evidence suggests that the progression to cocaine addiction is mediated by DA-induced neuroplastic changes in the mesolimbic pathway, its role in motivating cocaine use once addiction has developed is less clear. For example, neurobiological adaptations caused by chronic exposure to cocaine lead to mesolimbic hypofunction (24) (25) (26) (27) , which may in turn promote cocaine use to reverse DA deficits following abstinence (28) . It has also been suggested that the role of DA in motivating cocaine use may become less critical following chronic cocaine exposure (1) , with evidence to suggest that other signaling pathways become increasingly recruited and drive the enhanced motivation for the drug (eg, glutamatergic signaling; 1, 29) . In part, these mechanisms remain unknown because few experiments have examined the neuroadaptations associated with the development of an addicted phenotype. This phenotype, which has been defined as an enhanced motivation to obtain cocaine, develops following protracted abstinence (7 days or more) from extended access (ExA; 6-24 hr/day; 7 days or more), but not ShA self-administration (30) (31) (32) (33) (34) . Although ExA procedures can be technically challenging to complete due to patency issues and lengthy experimental timelines, the information gained from such studies are critical for determining not only factors that predict a vulnerability to developing addiction, but also the neurobiological mechanisms associated with an addicted phenotype.
We recently showed that after 14 days of abstinence from ExA self-administration, both male and female rats developed an addicted state, with 9 of 11 males and 8 of 10 females showing a greater than 15% increase in motivation for cocaine (as measured under a progressive-ratio (PR) schedule) as compared to ShA controls (35) . We also showed that in females ovarian hormones influence vulnerability to developing an addicted phenotype (35) . Specifically, following abstinence from ExA self-administration, females with estradiol (eg, ovariectomized, OVX, females treated with estradiol, E) showed a markedly enhanced motivation for cocaine as compared to ShA controls (46.5% increase); whereas, those without estradiol (eg, OVX rats treated with vehicle, Veh), did not display this phenotype (1.7% difference; 35). These findings add to a growing body of work demonstrating that estradiol enhances vulnerability in females at each of the different phases of the addiction process (35) (36) (37) (38) (39) (40) (41) , potentially through interactions with DA (42) (43) (44) , and indicates that estradiol may be necessary for the development of addiction in females. Importantly, these distinct behavioral phenotypes were generated in groups of rats that all had ExA cocaine exposure, and as such, they provide a unique tool for assessing the neurobiology associated with the development of an addicted phenotype. Thus, the goal of the current study was to determine the potential mechanism for the development of an addicted phenotype in intact males and females tested following ShA versus ExA self-administration as well as groups of OVX females that were resistant (OVX+Veh) versus vulnerable (OVX+E) to developing this phenotype. We focused on the role of DA D1-receptor signaling in the NAc given the key role that this signaling pathway plays at other stages of the addiction process. Specifically, we evaluated the effect of site-specific infusion of the D1-receptor antagonist, SCH-23390, in the NAc on motivation for cocaine following abstinence from ShA versus ExA self-administration using the same access conditions that we previously tested (35) . Based on the idea that the role of DA in motivating cocaine use may become less prominent with the development of addiction, we predicted that the effects of SCH-23390 on motivation for cocaine would be less pronounced following ExA versus ShA selfadministration and in females vulnerable (OVX+E) versus resistant (OVX+Veh) to developing an addicted phenotype.
METHODS and MATERIALS

Subjects
Sexually mature intact male (N=20), female (N=25), and OVX female (N=51) SpragueDawley rats were used in this study. OVX rats were randomly assigned to a vehicle (OVX +Veh, resistant; 0.1 ml/day, 5 days/week) or estradiol-treated (OVX+E, vulnerable; 5.0 μg/ml/day, 5 days/week) group using conditions that have been shown previously to generate a vulnerable versus a resistant phenotype when responding was assessed following abstinence from ExA self-administration (35) . Further details on the daily procedures for estradiol/vehicle treatment, as well as vaginal swabbing procedures to confirm hormonal status are provided in Supplementary Materials.
Procedures
The surgical methods used for jugular catheterization and brain cannulation targeting the core region of the NAc, and the procedures used for cocaine self-administration were conducted as previously described (19, 35, 45) and as described in more detail in Supplementary Materials. Briefly, rats were trained to self-administer cocaine infusions (1.5 mg/kg) under a fixed-ratio 1 schedule. Following acquisition, rats assigned to the ShA group were maintained under the same fixed-ratio conditions for three additional sessions, and rats assigned to the ExA group were given 24-hr/day access to cocaine (1.5 mg/kg/infusion) under a discrete trial procedure (10 min trials, 4 trials/hr) for a total of 10 days. Motivation for cocaine (0.5 mg/kg/infusion) was assessed under a PR schedule beginning following a 14-day abstinence period.
The effect of intra-NAc infusion of SCH-23390 (0.0, 0.3, 1.0, 3.0 μg/side) on PR responding for cocaine began once baseline responding (defined as three consecutive sessions with no increasing or decreasing trend in the number of infusions obtained) was established using a within-subject design. Infusions (0.5 ul/side) were administered immediately prior to the PR session and a minimum of 3 stable sessions separated each test session. Due to experimental circumstances associated with this lengthy protocol, each animal received between 2 and 4 doses, with a minimum of 6 animals tested under each of the dose conditions. Justification for the doses selected, and further details on the procedures used for SCH-23390 infusion, including placement verification ( Figure S1 ), are provided in the Supplementary Materials. The effect of SCH-23390 was also examined on PR responding for sucrose in separate groups of intact male (N=5) and female (N=5) and OVX+E (N=8) and OVX+Veh (N=8) rats using procedures similar to those used for ShA cocaine self-administering controls (see Supplementary Materials for further details). Data were analyzed using repeated measures ANOVA with post-hoc comparisons to control/vehicle conditions made using the Dunnett ttest, and with comparisons within each day/dose made using the Bonferroni corrected t-test. Separate analyses were conducted within the intact groups of males and females and within the OVX groups of females and within the cocaine and sucrose groups. Further details are provided in Supplementary Materials.
RESULTS
ShA versus ExA Cocaine Self-Administration and Subsequent Motivation for Cocaine in Intact Males and Females
In contrast to ShA self-administration where cocaine intake was limited to a total of 20 infusions/day (30 mg/kg/day), high levels of intake were observed under ExA conditions where the average number of infusions over the 10-day period was 67.3±5.5 (approximately 100 mg/kg/day). As expected, females self-administered significantly more cocaine infusions than did males under ExA conditions (averaged over 10-days: 71.2±6.1 and 61.6±8.3, respectively; t 10 =4.52, p<0.05). Also as expected, ExA rats maintained markedly higher levels of PR responding for cocaine during the first three stable sessions following abstinence as compared to ShA controls ( Figure 1 ; group effect, [F(1,31)=13.14, p=0.001]), with a significant group difference for all three sessions (Day 1, t 33 =3.33, p<0.01; Day 2, t 33 =3.85, p<0.001; Day 3, t 33 =3.54, p<0.001). Subsequent PR responding was similar in males and females with results from the overall analysis, as well as subsequent analyses within the ShA and ExA groups, revealing non-significant effects of sex (p's>0.05). Thus, females and males showed a similar level of motivation for cocaine following both ShA and ExA self-administration, and both showed a similar increase in motivation for cocaine following ExA self-administration. These results confirm the development of an addicted phenotype in both sexes following abstinence from ExA self-administration.
Effect of SCH-23390 on Motivation for Cocaine following ShA versus ExA SelfAdministration in Intact Males and Females
Bilateral infusion of SCH-23390 into the NAc dose-dependently decreased PR responding for cocaine following ShA but not ExA self-administration. The effects of SCH-23390 were similar in males and females under all conditions (p's>0.05), and thus the data are presented collapsed across sex (Figure 2) As with the analysis of the absolute number of infusions, no significant effects of SCH-23390 were observed on percent change from baseline in the ExA group. Thus, while D1-receptor antagonism dose-dependently reduced motivation for cocaine following ShA self-administration, it was without effect following ExA self-administration.
ShA versus ExA Cocaine Self-Administration and Subsequent Motivation for Cocaine in the Vulnerable (OVX+E) versus the Resistant (OVX+Veh) Group
As expected, the vulnerable group self-administered significantly more cocaine infusions as compared to the resistant group during the 10-day ExA period (74.2±2.4 versus 67.3±2.1, respectively; t 15 =2.3, p<0.05). Also as predicted, the vulnerable, but not the resistant group, showed markedly higher levels of responding for cocaine during the first three stable PR sessions following abstinence from ExA self-administration as compared to ShA controls ( Figure 3 Comparison within the vulnerable group revealed significant differences between ExA versus ShA groups for each sessions (p's<0.05). A significant difference was also observed within the two ExA groups [F(1,16)=9.87, p<0.001], with significant differences observed between the vulnerable versus resistant groups for each of the three session (p's<0.05). Thus, the vulnerable group (OVX+E rats) self-administered more cocaine under ExA conditions and following abstinence from ExA self-administration, showed a greater level of motivation to obtain cocaine as compared to the resistant group (OVX+Veh rats). These results confirm the development of an addicted phenotype in the vulnerable, but not the resistant group, following ExA self-administration.
Effect of SCH-23390 on Motivation for Cocaine following ShA versus ExA SelfAdministration in the Vulnerable versus the Resistant Group
Bilateral infusion of SCH-23390 into the NAc decreased PR responding for cocaine in both of the OVX-ShA control groups, as well as in the ExA resistant group; however, its effects were diminished in the ExA vulnerable group (Figure 4) . Since the effects of SCH-23390 were similar in both OVX ShA control groups under all conditions (p's>0.05), the data are presented collapsed across the groups (ShA: OVX controls; but see Supplement: Figure S2 which illustrates the similarity in the effects of SCH-23390 on PR responding for cocaine between the vulnerable and resistant ShA control groups). A repeated measures ANOVA comparing the number of infusions obtained at baseline to the day of SCH-23390 treatment across all groups of OVX rats revealed significant effects of day [F (1,83) were observed within the ExA vulnerable group although there was a trend for an effect of day-by-dose (p=0.061). This trend appears to be accounted for by the effects of the highest dose of SCH-23390 (3.0 μg) where responding tended to be decreased from baseline. In fact, comparison of the ExA resistant and vulnerable groups showed that while the effects of the 0.3 (p<0.05) and 1.0 μg (p=0.01) doses were different between the two groups, the effects of the 3.0 μg dose did not differ indicating that this dose produced similar effects in both groups. A comparison of the ShA controls to the ExA vulnerable group revealed significant effects of access condition [F(1,57)=5.73, p<0.05], and day-by-dose-by-access condition [F(3,57)=3.55, p<0.05] with post-hoc comparison within each dose revealing a significant difference for the 1.0 dose (p<0.05), and a trend for an effect at the 3.0 dose (p=0.08). Notably, no significant differences for the effects of SCH-23390 were observed between the ShA controls and the ExA resistant group (p's>0.05).
Similar results were observed when the data were analyzed as percent change from baseline ( Figure 5 ). This analysis revealed significant effects of dose [F (3, Within the ExA vulnerable group, although the 3.0 dose tended to reduce PR responding, the overall effect of dose did not reach statistical significance (p=0.091). Between groups comparison within each dose revealed a significant effect of group for the 0.3 and 1.0 doses (p's<0.01), but not for the 3.0 dose (p>0.05). Thus, while D1-receptor antagonism reduced motivation for cocaine similarly in the OVX ShA controls groups as compared to the ExA resistant group (OVX+Veh), its effects were diminished in the ExA vulnerable group (OVX +E).
Effect of SCH-23390 on Motivation for Sucrose-In order to control for potential non-specific effects of SCH-23390, we also measured its effect on PR responding for sucrose pellets in intact male and female rats as well as OVX+E and OVX+Veh rats (Supplement: Figure S3 ). PR responding for sucrose did not differ between males and females (data not shown; p>0.05), or between OVX+E and OVX+Veh rats (data not shown; p>0.05). No significant effects of SCH-23390 were observed in any of the groups (p's>0.05). Thus, SCH-23390 did not affect general motivational behaviors.
DISCUSSION
The goal of this study was to examine the role of D1-receptor signaling in the NAc in the development of an addicted phenotype using intact males and females tested following ShA versus ExA self-administration as well as groups of OVX females that were resistant (OVX +Veh) versus vulnerable (OVX+E) to developing this phenotype. Consistent with our previous findings (35) , motivation for cocaine was markedly higher following abstinence from ExA versus ShA self-administration in intact males and females, confirming the development of an addicted phenotype in these groups. In addition, following ExA selfadministration, OVX+E females, but not OVX+Veh females, displayed a higher motivation for cocaine as compared to ShA controls, thus confirming the categorization of these groups as vulnerable versus resistant. Consistent with our hypothesis, we demonstrated that following ExA self-administration, intact males and females and OVX+E vulnerable females were less sensitive to the effects of D1-receptor antagonism as compared to ShA controls. Notably, in the group of rats resistant to developing an addicted phenotype (OVX +Veh), the effects of D1-receptor antagonism did not differ from ShA controls. SCH-23390 had no impact on motivation for sucrose pellets indicating that these effects were specific to cocaine. These results indicate that the role of D1-receptor signaling in motivating cocaine use, though critical in "non-addicted" stages, becomes diminished once addiction has developed.
Our findings in ShA controls and in the ExA resistant group (OVX+Veh) are consistent with a large body of work indicating a key role for D1-receptor signaling in the NAc under ShA conditions and during "non-addicted" stages (9) (10) (11) (12) (13) (14) (15) . In contrast, following ExA selfadministration the effects of D1-receptor antagonism were diminished in intact males and females and in the OVX+E vulnerable group suggesting that the role of D1-receptor signaling in the NAc becomes diminished with the development of an addicted phenotype. Further support for this idea is provided by previous results showing that chronic cocaine exposure and ExA cocaine self-administration produce a hypo-DAergic state in the NAc and lead to a decreased sensitivity of DA terminals in this brain region to cocaine (28, (46) (47) (48) .
Results have also shown that during ExA self-administration rats maintain higher steadystate levels of DA in the NAc as compared to ShA rats (49), a finding hypothesized to be a compensatory response to counteract a decrease in DA receptor function (49) . In contrast to these findings, D1-receptor antagonism has been reported to effectively decrease PR responding for cocaine following both ShA and ExA self-administration (11) , and an increased sensitivity to systemic treatment with a non-selective D1/D2-receptor antagonist has been reported in rats given ExA versus ShA to cocaine (50) . However, in both of these previous studies, responding was assessed following ExA self-administration without an intervening abstinence period, and thus, it is unlikely that the animals tested had developed an addicted phenotype. Collectively, these results suggest that increases in D1-receptor sensitivity may occur during ShA exposure, as well as during escalation of intake without abstinence, but that following ExA self-administration and the development of an addicted phenotype, there is a shift in the role of D1-receptor signaling.
Although these findings indicate a diminished role for D1-receptor signaling with the development of an addicted phenotype, it is still possible that signaling via the D2-receptor remains a prominent mechanism. D2-receptor signaling is also known to play a critical role in motivating cocaine use with results showing that manipulation of either the D1-or the D2-receptor similarly affect cocaine self-administration under ShA conditions (14) . Thus, one possibility is that D1-and D2-receptors play a similar role under ShA conditions, but following chronic exposure and with the development of an addicted phenotype, their roles change. There is evidence to suggest that following chronic cocaine exposure there is a dysregulation of the balance between D1-and D2-receptor signaling (23) , and evidence showing that changes in D2-receptors following ExA self-administration persist longer than changes in D1-receptors (46) . Further research is needed to examine the role of D2-receptors in motivating cocaine use following the development of an addicted phenotype.
The two groups of OVX rats, resistant and vulnerable, provide an important tool to elucidate the mechanisms of the addicted phenotype. Although both groups self-administered a high level of cocaine under ExA conditions, only the vulnerable group (OVX+E) developed the addicted phenotype (35) , and showed a reduced sensitivity to the effects of D1-receptor antagonism. Although OVX+E rats self-administered higher levels of cocaine as compared to the OVX+Veh rats under ExA conditions, levels of cocaine prior to abstinence were comparable between the two groups (ie, we built a control into the study where following ExA self-administration each animal was limited to 20 infusions/day for 2 sessions). Additionally, levels of intake under ExA conditions were comparable in the OVX+Veh group as compared to the intact groups of males and females (average infusions: 67.3±2.1 versus 67.3±5.5, respectively; also see 35) , and these intact groups did develop an addicted phenotype and show a reduced sensitivity to the effects of D1-receptor antagonism. Taken together, these results suggest that these differential effects of D1-receptor antagonism are not a result of chronic exposure per se, but rather a marker for the development of addiction.
It is unlikely that the differences we found in sensitivity to D1-receptor antagonism between our ExA vulnerable and resistant groups are simply due to estradiol treatment. Although estradiol treatment does appear to be essential for the development of an addicted phenotype in female rats, we argue that it is the development of this phenotype, whether caused by estradiol treatment or not, that underlies this change in sensitivity. Support for this idea is provided by our findings showing that although females are more vulnerable than males to developing an addicted phenotype (34) , under optimized conditions, like the ones used here, both males and females display a similarly enhanced level of motivation for cocaine (35) , and as shown here, both groups show a similar reduction in sensitivity to the effects of D1-receptor antagonism. There is also a significant body of work showing that estradiol treatment enhances rather than attenuates DA signaling under acute and ShA conditions (42) (43) 52) . In fact, the predominant theory to explain an enhanced vulnerability in females versus males to the reinforcing effects of cocaine (38, (51) (52) (53) (54) (55) (56) is through estradiol augmentation of DA signaling, particularly D1-receptor signaling (42) (43) (57) (58) (59) . Estradiol has been shown to increase both basal and pyschostimulant-induced DA release in the reward pathway (42) , including the NAc (57), and markers of D1-receptor signaling are increased by estradiol treatment (60) (61) . Interestingly, whereas intact ShA rats in this study exhibited a typical dose-dependent decrease in PR responding for cocaine following SCH-23390 treatment (11), the ShA OVX females showed robust and equivalent decreases in PR responding to each of the three doses of SCH-23390.
Although not yet examined, this increased sensitivity to D1-receptor antagonism in the OVX females may be due to altered estradiol/DA interactions resulting from the loss of normal ovarian hormone function. Further research is necessary to address this possibility. Taken together, these results, in addition to informing on the underlying mechanism of addiction, also have important implications for mechanisms of sex and hormonal influences in addiction. Specifically, these findings indicate that in contrast to early "non-addicted" stages, following the development of addiction, estradiol does not appear to mediate enhanced vulnerability in females via D1-receptor signaling.
The results from studies conducted under ShA conditions have revealed DAergic signaling as a major modulator of cocaine-taking behavior (1) (2) (3) (4) (5) (9) (10) (11) (12) (13) (14) (15) (62) (63) , and these findings have served as a basis for the development of pharmacotherapies for treating cocaine addiction in humans. Our current findings suggest a diminished role of D1-receptor signaling with the development of an addicted phenotype which could account for the disappointing results of DA-based pharmacotherapies for cocaine addiction. However, it is still possible that the role of D2-receptor signaling remains a prominent mechanism underlying motivation for cocaine, and future research is needed to address this possibility. Additionally, a growing body of work suggests that with the development of addiction, other signaling pathways may become increasingly recruited (glutamatergic signaling; for review see 1-2,29) and drive the enhanced motivation to obtain cocaine (64) (65) . Further research using ExA conditions that induce an addicted phenotype are needed to uncover the role of other signaling pathways as potential mechanisms of cocaine addiction.
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